This study evaluated the effects of metal primers on the bonding of adhesive resin to four pure metals (Au, Pd, Ag, Cu) and two noble alloys for porcelain fusing (high-gold and high-palladium content alloys). Bonding surface was polished with 600-grit silicon carbide paper and primed with one of the three metal primers (V-Primer, Metaltite, and M.L. Primer). Bonded specimens were fabricated by applying adhesive resin (Super-Bond C&B) on the primed surface. Shear bond strength (SBS) was determined both before and after thermocycling (4-60°C for 2,000 cycles). The highest SBS values to each pure metal after thermocycling were 33.5 MPa for Au by M.L. Primer, 35.0 MPa for Ag by V-Primer, and 34.4 MPa for Cu by Metaltite. SBS to high-gold content alloy after thermocycling was 33.3 MPa by M.L. Primer. None of the primers was effective for pure Pd and high-palladium content alloy after thermocycling.
INTRODUCTION
In fixed prosthodontic practice, the acceptance and application of resin-bonded fixed partial dentures (RBFPDs) is on the rise [1] [2] [3] . This increasing trend is chiefly due to improvements in the retainer design [4] [5] [6] , and it is also ascribed to the second-generation metal primers which react directly with the fresh surface of noble metal alloys [7] [8] [9] . On the latter development, it is different from the first-generation primers which react through an oxidized metal layer 10, 11) . The secondgeneration primers are based on a sulfur-containing metal adhesion monomer 7, 8) and they enable intense interfacial bonding with Cu and Ag, which are common ingredients of noble metal alloys used in dentistry.
For the retainers, cast Ni-Cr alloys are commonly used due to their high bond strength to resin cements 12, 13) . However, recently, type IV gold alloy and silver-containing gold/palladium (GPS) alloy have also been frequently used for RBFPDs. On the latter's popularity, it could be ascribed to their superior bond strength and durability -which stems from good chemical reaction between the metal primers and these alloys 8, 14) . However, these alloys are not suitable for anterior restorations that demand high-quality esthetic outcome. This is because the pontic facing is veneered with indirect composite resins that have several disadvantages over porcelain facing, such as wear 15) , susceptibility to staining 16, 17) , discoloration by ultraviolet irradiation 17) , plaque accumulation 18, 19) , and color mismatch 20) . To overcome the abovementioned slew of disadvantages and problems, the alternative is to use adhesion bridges fabricated with alloys for porcelain fused to metal (PFM), and have the pontic faced with porcelain. However, second-generation metal adhesive systems did not work well with noble metal alloys for PFM because Cu is excluded to prevent color change of the porcelain. For this reason, it was necessary to apply tin (Sn) plating to the inner surface of retainers 12, 21, 22) . Tin plating then presents its own disadvantages and limitations: a plating device is required for its processing; its operation is quite complicated; and the plating liquid deteriorates rapidly. Among the surface treatment methods used to improve bonding, Silicoater MD 22) and Rocatec 23) have been favorably reported for enhancing the bonding efficacy of noble alloys for PFM. However, both systems require special equipment. Therefore, there is an apparent need for a handy and effective metal bonding system that could leverage on second-generation primers and which could be applied to noble metal alloys for PFM.
During the initial market launch of bonding primers for noble metal alloys, they consisted of thiophosphate ester-containing monomer, methacryloyloxyalkyl thiophosphate derivatives (MEPS) 24, 25) , and thiol-containing monomer, 6-(4-vinylbenzyl-n-propyl)amino-1,3,5-triazine-2,4-dithiol (VBATDT) [7] [8] [9] 24, 25) . Presently, sulfur-containing monomers with adhesive property to noble metal alloys have emerged on the market 26, 27) , and they have also reportedly exhibited adhesion promoting capability for pure metals such as Au 8, 28, 29) and Pd 8, 28) , as well as Cu 8, 28) and Ag 8, 26, 28) . However, the development of metal primers effective for PFM alloys is yet to be realized. Therefore, it is hypothesized that some of the adhesive primers for noble metal alloys may also be effective for noble metal alloys for PFM which do not contain Cu.
The purpose of this study was to find a metal adhesive primer that is effective for noble metal alloys for PFM. To this end, the bond strengths and bonding durability of an adhesive resin cement to four pure metals and two alloys for PFM were evaluated using three commercially available metal primers.
MATERIALS AND METHODS

Materials used
Materials used in this study are presented in Table 1 . Four pure metals and three casting alloys were used as adherend materials.
The pure metals used were namely: pure gold (Pure Au, Kojundo Chemical Laboratory Co. Ltd., Saitama, Japan), pure silver (Pure Ag, Kojundo Chemical Laboratory Co. Ltd.), pure copper (Pure Cu, Kojundo Chemical Laboratory Co. Ltd.), and pure palladium (Pure Pd, Kojundo Chemical Laboratory Co. Ltd.).
For the casting alloys, they were namely, metalceramic gold alloy (Super Metal W-85, Noritake Co. Ltd., Nagoya, Japan) and metal-ceramic palladium alloy (Super Metal N-40, Noritake Co. Ltd.). A silverpalladium-copper-gold alloy was also used as a comparative material, since it contained all the pure metals employed in this study.
Three commercially available metal primers, which consisted of sulfur-containing monomers, were investigated for promoting the bonding efficacy of noble metal alloys.
They were namely, V-Primer (Sun Catalyst: TBB, Acetone RW12
VBATDT: 6-(4-vinylbenzyl-n-propyl)amino-1,3,5-triazine-2,4-dithiol MTU-6: 6-methacryloyloxyhexyl 2-thiouracil-5-carboxylate MDDT: 10-methacryloyloxydecyl-6, 6-dithiooctanoate MHPA: 6-methacryloyloxyhexyl phosphonoacetate PMMA: polymethyl methacrylate MMA: methyl methacrylate 4-META: 4-methacryloyloxyethyl trimellitate anhydride TBB: tri-n-butylborane derivative Table 1 Materials used in this study Medical Co. Ltd., Shiga, Japan), Metaltite (Tokuyama Dental Corp., Tokyo, Japan), and M.L. Primer (Shofu Inc., Kyoto, Japan). V-Primer contained 6-(4-vinylbenzyl-n-propyl)amino-1,3,5-triazine-2,4-dithiol (VBATDT) in acetone; Metaltite contained 6-methacryloyloxyhexyl 2-thiouracil-5-carboxylate (MTU-6) in ethanol; and M.L. Primer contained 10-methacryloyloxydecyl-6,6-dithiooctanoate (MDDT) in acetone. The chemical structures of these primers are illustrated in Fig. 1 .
For the luting material, a powder-liquid adhesive resin, Super-Bond C&B (Sun Medical Co. Ltd.), was used.
Preparation of bonded specimens
Disk specimens (10×2.5 mm) for the pure metals were fabricated by a manufacturer. For the three dental alloys, disk specimens of the same dimensions were cast according to the manufacturers' instructions. All the bonding surfaces were polished with a 600-grit silicon carbide paper (Carbimet Paper Discs, Buehler, Lake Bluff, IL, USA), followed by 10 minutes of ultrasonic cleaning in distilled water and then airdried.
The bonding surfaces were primed with one of the three primers shown in Table 1 .
The priming procedure was performed by applying a single drop of the primer on the bonding surface, followed by immediate air-drying. A 30-µm-thick tape with a 5-mm-diameter opening was placed on the bonding surface to demarcate the bonding area, and the bonding area was covered with a brass ring (6 mm inner diameter, 2.5 mm height). Bonded specimens were fabricated by filling Super-Bond C&B into the brass ring using a brush-on technique, as shown in Fig. 2 . Similarly, bonded specimens without the priming process were fabricated in the same manner and used as controls.
All bonded specimens were left at room temperature (22±2°C) for 1 hour, and then stored in 37°C distilled water for 24 hours.
Thermocycling and shear bond strength test
As shown in Table 2 , there were seven adherend materials and four priming procedures, constituting a total of 28 test groups. A total of 280 specimens were prepared for these 28 test groups, with 10 specimens in each group.
In each test group, half of the specimens (n=5) were immediately subjected to shear bond strength test without thermocycling. The remaining specimens (n=5) were tested after being subjected to 2,000 thermocycles between 4°C and 60°C water baths with 1-minute dwell time at each temperature ( Table 2) . Shear bond strength test was carried out using a universal testing machine (AGS-5kNG, Shimadzu Corp., Kyoto, Japan) with a 1.0 mm/min crosshead speed. A cross-sectional view of the shear bond strength test setup is illustrated Table 2 Classification of shear bond strength test specimens in Fig. 3 . Shear bond strength (MPa) was determined by dividing the maximum load (N) by the bonding area (mm 2 ).
Statistical analysis
The data were statistically analyzed using three-way ANOVA, whereby the independent factors for both pure metal and alloy groups were the adherend, priming procedure, and the thermocycling regime (p<0.05). Multiple comparisons were carried out using the Bonferroni−Dunn test to identify the significant differences among the groups (p<0.05). The failure mode of each specimen was assessed using an optical microscope (SMZ-10, Nikon Corp., Tokyo, Japan) at ×10 magnification.
RESULTS
Figures 4 and 5 show the shear bond strength (SBS)
results of each primer procedure in both pure metal and casting alloy groups. The respective statistical Tables 3 and 4 . The failure modes of specimens in each test group are summarized in Table 5 , and typical views of their debonded surfaces are shown in Figs. 6 and 7. For both pure metal and casting alloy groups, three-way ANOVA revealed that there were significant differences in SBS among the adherends, among the priming procedures, and between with and without thermocycling (p<0.0001).
Further, a significant interaction was obtained among the adherend, priming procedure, and thermocycling regime toward SBS (p<0.0001).
SBS and failure modes of pure metals
As shown in Fig. 4 , the mean SBS to pure metals before thermocycling ranged from 32.7 to 36.2 MPa, except non-primed Pd (p>0.05). After thermocycling, the SBS to Au primed with NP, VP, and MT decreased significantly (p<0.0001). However, the SBS of MLprimed Au specimen showed no significant decrease (p>0.05) and exhibited the highest SBS (33.5 MPa) among the three metal primers after thermocycling (Fig. 4D) . On failure mode, Au specimens primed with MT and ML exhibited mixed failure after thermocycling (Table 5 , Fig. 6 ).
For Ag, its SBS after thermocycling (35.0 MPa) was the highest when VP was applied (p<0.0001), and which was equivalent to the value before thermocycling (p>0.05, Fig. 4B ). On failure mode, thermocycled Ag specimens primed with VP and MT showed mixed failure (Table 5) .
For Cu, thermocycled specimens primed with VP and MT showed high SBS. In particular, the SBS of MT-primed specimen (34.4 MPa) was equivalent to that before thermocycling (p>0.05) (Fig. 4C) . On failure mode, all the primer-treated and thermocycled Cu specimens showed mixed failure (Table 5 , Fig. 6 ).
For Pd, the SBS of all the primer-treated groups remarkably deteriorated after thermocycling (Fig. 4) . On failure mode, all the thermocycled specimens showed adhesive failure (Table 5 , Fig. 7 ).
SBS and failure modes of casting alloys
For W85, the mean SBS of its primer-treated specimens before thermocycling ranged from 33.8 to 37.0 MPa (p>0.05), as shown in Fig. 5 . After thermocycling, the SBS of non-primed specimens and those primed with VP and MT showed significant decrease (p<0.0001). However, the SBS of ML-treated specimen did not (Fig. 5D ). This value was equivalent to the value exhibited by VP to MC12 (26.3 MPa) (p>0.05; Figs. 5B and D). On failure mode, the specimens treated with MT and ML showed mixed failure after thermocycling (Table 5 , Fig. 6 ). For N40, the SBS values provided by MT and ML were higher than those of non-primed and VP-treated specimens before thermocycling (p<0.0001). However, the values of all the primer-treated groups showed significant decreases after thermocycling (p<0.0001). In particular, the SBS values exhibited by MT and ML to N40 were significantly lower than those to W85 after thermocycling (p<0.0001, Fig. 5 ). On failure mode, all the N40 specimens showed adhesive failure at metal/ primer interface after thermocycling (Table 5 , Fig. 7) .
Effects of metal primers on pure metals and casting alloys ML was most effective for bonding to Au, which was also effective for bonding to high-gold content alloy (W85) after thermocycling. As for Ag and Cu, their highest bond strengths after thermocycling were obtained with VP and MT respectively.
For MC12, proximate values were obtained with all the primers as they were effective for one of the element metals of MC12. On the contrary, none of the primers was effective for bonding to Pd, and hence also the poor bond strength to high-palladium content alloy (N40). 
DISCUSSION
To find a metal adhesive primer that promotes the adhesion of a noble metal alloy for PFM, this study evaluated the effects of three metal primers on the bonding of Super-Bond C&B to four pure metals and two alloys for PFM. The hypothesis was partially accepted, as the bonding of Super-Bond C&B to W85 was maintained after 2,000 thermocycles when primed with ML. As the present study was a preliminary stage of our abovementioned goal, the surfaces of adherends were finished into uniform flat surfaces with 600-grit silicon carbide papers to reduce mechanical retention and to focus on the efficacy of each primer. In this manner, this strategy allowed bonding results to be obtained in a comparatively short period.
Since S-containing monomers comprising VBATDT were introduced to dentistry, investigations have been carried out to seek out the pure metal adherends with which the optimum bonding efficacy could be achieved. It was found that Cu and Ag exhibited the best bond strength and durability, although the degree of bonding efficacy differed by the type of adhesive monomer 26, 28, 29) . Besides, there were confirmed indications of improved bonding efficacy for Pd 28) and Au 28, 29) . In the present Table 5 Failure modes of each test group study, VP -which was based on VBATDT monomer -provided excellent bonding effects for Cu and Ag, but not so for Au and Pd. These results with pure metals were echoed in the bonding results with casting alloys. VBATDT exhibited excellent bonding effect with MC12 containing Cu and Ag as the main components, but otherwise inferior bonding with noble alloys for PFM of which the main components were Au and Pd. For ML, it also exhibited inferior bonding durability with Pd but excellent bond strength and durability with Au.
Consequently, the excellent bonding durability obtained between ML and W85 could be attributed to the latter's high Au content (78%).
For N40, none of the three primers provided sufficient durability. This result could be attributed to the inferior bonding durability with Pd, which was a main component of N40.
However, this result disagreed with a study which showed VBATDT monomer providing an excellent bonding effect with Pd 8) . At this juncture therefore, Pd seemed to be a controversial metal adherend that requires further investigations on the influences of alloy surface treatments as well as the additives in the monomers.
Results of this study showed that MT and ML yielded better bonding durability than VP. Two possible reasons are proposed for these results. One possibility was based on chemical structure differences, specifically S-containing components.
VBATDT monomer consisted of thiol group, while MTU-6 and MDDT monomers consisted of thiouracil group and disulfide group respectively. It has been reported that inferior bonding was obtained between Au and N-(4-mercaptophenyl) methacrylamide (MPMA) monomer, which had thiol group in its structure 28) . Thus, the difference of the S-containing group could be responsible in causing the adverse impact on bonding. Another possibility was the influence of the MHPA monomer, which was intentionally added to ML for bonding to base metal alloys. It has been reported that the bonding ability of VBATDT monomer was improved by adding the 10-methacryloyloxydecyl dihydrogen phosphate (MDP) monomer, which was good for bonding to base metals 30) . The same phenomenon might have occurred in the ML primer. Therefore, further investigations are necessary to evaluate the bonding efficacy of MDDT monomer only.
Thiol group-containing monomers are known to inhibit polymerization as they act as a substrate causing chain reaction movement in radical polymerization 9) . Therefore, bond strength and bonding durability may deteriorate at the primer-treated surface when resin cements employing the BPO-amine redox initiator system are used 29) . In the present study, Super-Bond C&B employed TBB as the initiator. As a result, it was possible to obtain good bond strength and durability as its polymerization process was hardly disturbed by the chain reaction movement. Therefore, Super-Bond C&B is highly recommended for the cementation of RBFPDs in light of the favorable bonding outcome.
The goal of this study was to establish a bonding system appropriate for RBFPDs. The retainers of RBFPDs need to sustain occlusal forces with a smaller bonding area as compared to conventional fixed partial dentures, which means that it is essential to secure higher bond strength and bonding durability. It has been reported that following the application of Scontaining primer, thiol group-containing monomers were found to adhere to the Pd surface after rinsing in acetone 28) . Therefore, the clinical significance is that where composite resin cements that employ the BPOamine redox initiator system are used alongside Scontaining metal primers, excess primer should be removed with 30 minutes of cleaning in acetone after the application.
This in vitro study evaluated the efficacy of metal primers on the bonding of Super-Bond C&B to noble metal alloys for PFM. On the simulation of clinical situations, several limitations are inherent in this study's design. The surfaces of the adherends were finished into uniform flat surfaces with 600-grit silicon carbide papers; adhesive resin cement was used as a thick layer by filling into the brass ring; and relatively short-term aging was employed. Besides, other factors that contribute to improved bonding remained to be investigated. Amongst which is the effect of airborne particle abrasion with 50-µm aluminum oxide particles on metal alloys prior to priming, which has been reported to improve the bonding of adhesive resin cements. This improvement was attributed to an increase in surface area and micromechanical retention as well as a result of mechanical cleaning effect by roughening the adhesive surface 31, 32) . Apart from airborne particle abrasion, further studies that involve greater thermocycling numbers with reduced cement thickness need to be carried out in order to establish a clinically applicable bonding procedure.
CONCLUSIONS
This in vitro study evaluated the effects of three commercially available metal primers on the bond strength and bonding durability of Super-Bond C&B to four pure metals and two alloys for porcelain fusing. Within the limitations of this study, the following conclusions were drawn:
1. Bond strength of Super-Bond C&B was significantly influenced by these factors for both pure metal and alloy groups: adherend, primer, and thermocycling. 2. The highest shear bond strengths to each pure metal after thermocycling were obtained by M.L.
Primer for Au (33. 
